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DIGEST

The effects of defect structure and of doping potassium

chlorate on its chemical reactivity with respect to its self-

propagative reactions with sulfur were investigated.

The preparations of doped single crystals of potassium

chlorate continued throughout the entire program. Selected

single crystals were analyzed for their dopant contents. The

influence of doping, irradiation and mechanical shock on the

thermal decomposition of potassium chlorate was investigated

by differential thermal analysis (DTA) and thermogravimetric

analysis, (TGA). Intimate mixtures of sulfur and doped

potassium chlorates were also investigated with respect to

their combustion properties by means of DTA and TGA.

The effects of potassium perchlorate and potassium

chloride as an intermediate reaction product on the thermal

decomposition of potassium chlorate were studied. These ex-

periments were necessary for establishing the basis for

evaluating the reactivity of KC1O 3 with sulfur.

Electrical conductivity studies were conducted to cor-

relate electronic defect structure with the reactivity be-

havior of KC1O 3. Low temperature isothermal investigations

were conducted to evaluate possible reaction mechanisms.

i
The results of the investigations are summarized as

follows:
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1. The results indicate that the decomposition of

potassium chlorate occurs in the following steps:

2 KC1O3 slow, KCIO4 + (KClO2 ) unstable (2nd order)

instantaneously KCl + 02

KClO4  KCIO3 + 1/2 02

KClO3  - KC1 + 3/2 02

KClO4  - KCl + 2 02

The first disproportionation reaction is consistent with a

second order mechanism. This reaction is inhibited at low

temperatures by excessive amounts of KCI. At higher temper-

atures, KCl catalyzes the reaction.

KClO4 does not catalyze decomposition of KClO 3. At

higher concentrations, the decomposition of KC1O 3 is in-

hibited in the presence of KCIO 4.

2. The order of dopants with respect to decreasing the

decomposition temperatures of doped KC10 3 was found to be:

the most effective, FeCl 3 >Cucl2 ?Pb(NO 3)2 >CdCl2>LiNO3 >

LiCl KClt-CsCI No Dopant. This order may be correlated to

charge density or to charge transfer. Doping KClO 3 with ni-

trates reduces the temperature of the DTA endotherm for melting.

3. Gamma irradiation and mechanical shock influences

the decomposition path of KClO 3. Low temperature weight loss

and smell of chlorine and/or chlorine oxides point to defect

creation of possible radicals such as C1O 3 within the crystalline

lattice due to irradiation. An exotherm appears at about 750C

in the DTA curve for the mechanically shocked sample which does

not appear in the untreated sample.
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4. Doping of KC1O 3 significantly influences the

ignition of mixtures of KCIO3 and sulfur. Two effects are

apparent: The order of ignition temperatures with reference

to the dopants is: lowest for CuCl 2  KCl'undoped -CsCl

Pb(N03 ) 2 FeCl -"'CdCl '4 LiCI'-LiNO3 ACaCl 2 I
The extent of total weight loss as measured in the TGA

experiment is dependent on the rate of combustion since the

rapid ignition forces material out of the reaction vessel.

This appears to be true particularly for the FeCl 3 doped

++samples. Fe and Cu doped KClO 3 appears to react slowly

at room temperature with sulfur.

5. The reactivity of sulfur-KCiO 3 mixtures is especially

affected by the presence of Fe203 catalyst. In oxygen the

ignition temperature of the sulfur-potassium chlorate mixture

is significantly lowered in the presence of the Cr203 and

Fe 03 catalysts.

2 3
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THE CATALYSIS OF THERMAL DECOMPOSITION AND
BURNING REACTIONS OF FUEL-OXIDANT COMPOSITIONS

I. INTRODUCTION

In a previous study sponsored by Edgewood Arsenal, Con-

tract No. DA-18-035-AMC-341(A), "Mechanistic Investigation

of Catalysis of Thermal Decomposition Reactions" the impor-

tance of defect structure in relationship to the heterogeneous

catalytic decomposition of potassium chlorate was investigated.

This research was extended in the present program to consider

the catalytic effects resulting from the presence of small

quantities of foreign ions crystallized out of solution with

potassium chlorate and to consider the effects of defect struc-

ture introduced by doping and various physical treatments. It

was shown in previous studies conducted by Dr. Eli S. Freeman
1'2

that doping with cationic and anionic impurities and exposure

to high energy radiation profoundly altered the chemical reac-

tivity of oxidants and fuel such as ammonium perchlorate,

potassium perchlorate, and magnesium powder. Another interesting

effect in the case of the potassium perchlorate-magnesium mix-

ture is that reproducibility with respect to time to ignition

was improved by doping. P

The objective of this program was to investigate the

relationships between the defect structure of potassium chlorate

and its chemical reactivity with respect to thermal decomposition

and its reaction with sulfur. The long range goal is to provide

information which would establish the basis for the improvement

of pyrotechnic compositions.
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In this present program two methods of doping were used

The first was evaporation of solutions to dryness and the other

principal method was crystallization from aqueous solutions.

The crystallization procedures involved the collection of crops

of crystals as a function of time in solutions of varying con-

centrations. Spectroscopic procedures were used to analyze for

the dopant ion concentrations.

Some of these doping ions will form oxides and chloride

phases during decomposition which may serve as nuclei for de-

composition. Another result of crystallizing potassium chlorate

in the presence of small quantities of impurity ions will be the

formation of defect structure in the potassium chlorate crystal.

It was of interest to investigate the effect that crystal de-

fects including lattice vacancies, dislocations and strains can

have in catalyzing the decomposition of potassium chlorate.

Another interesting aspect of the research was to investigate

the possible electron transfer processes on the surfaces of the

crystal and molten oxidant and fuel such as sulfur. The catalytic

effects resulting from exposure to high energy radiation, such

as gamma rays on the propagative reactions between oxidants and

fuels as well as defects introduced by mechanical shock was

also included in this program.

The experimental methods for investigating the decomposition

rates of the oxidants, the oxidation of the fuels and pre-igni-

tion reactions of the oxidant-fuel mixtures were principally

thermogravimetry and differential thermal analysis and electrical

conductivity measurements.

12



II. EXPERIMENTAL

A. Preparation and Standardization of Samples

1. Preparation and Standardization of Heterocrystalline
Doped Samples of Potassium Chlorate

The following doped chlorates were prepared by evaporating

solutions of KClO3 containing 1 mole percent of the dopants to

dryness on a hot water bath:

(a) KClO 3 - 1 mole % LiCl

(b) KCIO 3 - 1 mole % KCI

(c) KClO 3 - 1 mole % CsCl

(d) KC1O 3 - 1 mole % CaCl 2

(e) KClO 3 - 1 mole % CdCl 2

(f) KC1O 3 - 1 mole % CuCl 2

(g) KC1O 3 - 1 mole % FeCl 3

(h) KC1O 3 - 1 mole % LiNO 3

(i) KC103 - 1 mole % PbNO3

The crystallized samples were crushed gently in a mortar,

sieved, and sieve fractions between 240 and 270 mesh sieves,

US standard stainless steel sieves, and stored in a desiccator

for further use.

2. Preparation of Doped Single Crystals of Potassium
Chlorate by Slow Crystallization Procedures

Preliminary crystallization procedures were done as

follows: Various reagent grade chlorates obtained from K & K

Laboratories were put in solution with KCIO 3 in varying con-

centrations. The concentrations of doping impurities were 0.1,

1, and 10 mole percent. These solutions were then transferred
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into large dishes and subjected to slow crystallization at

room temperature as well as at lower temperatures.

Saturated solutions of KC1O3 at room temperature were

prepared with 0.1, 1 and 10 mole % of the following dopants:

VaClO 3" Ba(CIO3)2 # AgCIO3 " Ca(C10 3)2,, and Cu(C1O 3)2 "

Crystallization took place slowly over several weeks

and resulted in large single crystals. These single crystals

were separated from solution, washed with water, and dried

and stored in a desiccator for further use.

Further crystallization procedures were developed

which involved slow crystallization from doped solutions in

large beakers, and crop collection at different stages of

crystallization.

Initial crops were collected, dried in a desiccator

and submitted for analysis. These crystallizations were

in progress until the end of the program. The following

dopants were used:

a. NaClO 3

b. Ba(CO 3 ) 2H20

c. Ca(C103) 2H 2 2 0

d. AgClO3

e. Cu(C1O3 ) 2

14



3. Gamma Irradiation and Shock Treatment of Reagent
Grade Potassium Chlorates

Portions of 240-270 mesh KCIO3 (reagent grade) were

subjected to Co60 gamma irradiation of varying doses. The

3
irradiation cell has been described previously. Portions

of the irradiated samples were dried in a desiccator at room

temperature, and also in an oven at 1100C. Portions were also

used for DTA/TGA experiments directly after they were taken

from the hot cell.

Some KC103 was subjected to mechanical shock by pounding

and vigorous crushing in a mortar.

4. Preparation of Pellets

Pellets of KC1O 3 were pressed with the hydraulic press

under 20,000 psi pressure. These were eventually used in our

conductivity experiments.

5.- PreparatIon of Mixtures

In order to investigate the influence of doping and of

various oxides on the combustion of KC10 3 with sulfur, mix-

tures were prepared of different compositions.

Doped KCIO 3 was mixed with sulfur corresponding to the

stoichiometry ot the overall reaction:

2KC10 3 + 3S-P3SO2 + 2KC1

some mixtures were prepared with excessive KC1O 3.

The KC1O3 in all mixtures was sieved to screen fraction

240 270 for standardization and then stored in a desiccator.

Tertiary mixtures of various mole ratios were also

prepared from reagent grade KC1O 3 with several oxides and with
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sulfur. The sieve-fractions of I=103 and the oxides between

240 and 270 mash were used. These mixtures were also stored

in a desiccator.

B. Differential Thermal Analyss. Thermopravimetric Anal sis
and Isothermal Experiments

DTA and TGA experiments were done on a combined DTA/TGA

Chevenard thermobalance which has been described previously. 3

For some combustion experiments of doped potassium chlorates

with sulfur, a M)seley X-Y Recorder with a fast time base was

connected to a Stone-Cahn Thermobalance.

The DTA experiments involving combustion of KC1O3 -S mixed

with oxides were done on IITRI designed DTA equipment 4 where

thermocouples are placed in capillaries below the sample and

reference material. Provisions are made for constant gas

flows. Isothermal runs were performed on the Chevenard Thermo-

balance.

C. Electrical Conductivity Experiments and MassSpectrometric

Initial conductivity experiments were done in the con-

ductivity cell described previously. The cell was connected

via a vacuum rack to a Bendix Time-of-Flight mass spectrometer

to permit simultaneous conductivity measurements and mass

spectrometric analysis.

This particular instrument configuration was later found

to be impractical, since high background developed in the mass

spectrometer due to the presence of stopcock grease in the

vacuum rack. The conductivity cell has been redesigned to
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a'oid these difficulties. Conductivity runs were performed

separately in various gaseous atmospheres including water and

sulfur vapor, Provisions were made for drying the gases over

an activated bed of molecular sieves before they enter the

conductivity cell.

Separate mass spectrometric analysis was initiated to in-

vestigate products formed during the reaction between doped

KClO 3 and sulfur,

D. Additional Analytlcal Methods

Analyses were performed on the residues of low temperature

isothermal experiments which took place over several days. Cl-

was titrated according to the Mohr method. In a second sample

ClO 3  was reduced by Fe+4. The Cl content (from Cl- + C1O3 )

was again determined by the Mohr method. C103- and C1O 4 were

then reduced to Cl- by ignition with NH4CI and again the overall

Cl" content (from Cl-, C1O 3 " and C1O 4 -) determined by titration

after Mohr. In order to check these results, K + was determined

independently in a separate batch. Table 1 summarizes the results.

Analyses were also performed on initial crops of doped

KC1O 3 which were used in the thermal decomposition studies.

Copper was colori metrically determined with neocuproine, sodium

by flame photometry and Ca++ and Ra++ were initially analyzed

t-trlmetrically with EDTA against Eriochrome Black T. Poor

reproucibility in the titration results 
for Ca++ and Ba

++

due to the low concentrations present made it advisable to use

a different indicator (Metab-Indicatoi-) in order to check

the rather low concentrations. Titration against Eriochrome

17



Table 1

ANALYSIS OF KC10 3 REACTION PRODUCTS AFTER ISOTHERMAL

DECOMPOSITION FOR SEVERAL DAYS AT 4800C

Method

A. C1 -Mohr titration

B, Cl + C1O3  -Reduction of C1O3 with Fe

Mohr-titration of total C1
C. CI" + CIO3- + C -O4 "  -Reduction of C1O 3 and C104"

by ignition with NH4Cl, Mohr

titration of total Cl

Synthetic Sample: KC1 - 0.852 meq; KC103 - 0.114 meq;

KC10 4 - 0.913 meq.

AnlgsTheoretical Fojjn

A. Cl- 0.852 meq 0.850

B. Cl + C1 O 3  0.967 meq 0.977

C. Cl- + CIO3  + C 4  1.88 meq 1.84

Sample Under Investigation

Cl- 0.748 meq/total sample = 55.8 mg KC1

CIO3  0.071 meq/total sample z 8 7 mg KC103

CIO4  0.760 meq/total sample --105.4 mg KC10 3

1.579 meq 169.9 mg

Sample Wt. given 172.7 mg

K 61.2 mg
61.4 mg _ 0.2 mg

61.6 mg

61,4 mg 1.57 + 0.005 meq K

18



'Black T proved. to be vety dif ficult at low con cent rations, of Ca

and, at all concentrations. -of Ba-, 'because the titration -end point

was rather difflcul~ to detect. Tables 2and.3 summarize the.

analyt-ical resul~ts for N4a+ CU, Ba~ and . Other:

auxilitary- methods incl'uded x-ray :anailysis done with a,,Phi1Jlips

X-ray dif fractorrieter and microscopic investigations with a

IZeiss po~lcrizirng microscope,

)IIL EXPERIMENTAJ RESUETS-

'1i A __ f Doed Srnpjes of Potassium- Chlorate

Potassium chlorate samples which mwere prepared by,

evaporatinig polutions of 1 mole % dopant with KC10O3 at 1000C

4to dryness. were heterocrystalline; and with the exception of

j FeCl3  and- CuC1. doped samples, were white. Since the

samples were obtained by way of evaporation,, no analysis

for the dopant content was necessary

A method for the preparation of doped single crystals

was deve-oped which involved evaporation of the solutions and

crop collection in stages. Initial crops were analyzed forI their dopant c'ontents, The results are listed in Tables 2 and 3.

Crops of crystals at higher concentrations were collected during'

the latter stages of tbh- program.

The growth of the single crystals from water solutions

was influenced by the amount and type of dopants.

Large single crystals in the form of plates were

obtained from solutions containing 0. 1% or less of dopant.,

19



Table 2

ET)TA TITRATION-OP KC10 -SINGLE CRYSTALS FOR Ca ANDBa AGAINST

METALS, AND/OR ERIOCHROME ,BLACK- T INDICATORS

%Dopant %Dopant %Dopant
in, Original Against Aginst Black 1 '

'Ciov Jio. Mother Ligui6 -Metal- riochrome,

l-.l5% -- .0042-

1.2 5% 0-.0064 0.0060

1.35% - 0.01121

2.1 1% 0,0020 -

2.2' 1% 0.0-3

3,1 0.1% 0.0007 -

3. 2 0.1% 0.0017 -

Ba.

1.1 5% 0.00131

1.2 5% 0.00241

1.3 5% 0 .0020

2.1 1% 0.0015

3.1 0.1% 0.0003
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Table 3

ANALYSIS OF DOPED -KClO3 CROPS -FOR Na BY FLAME PHOTOMETRY, AND
3

FOR Cu WITH NEOCUPROINE

% Cu in Original
Sample Mother Liquid- Cu

Crop #1 0-. 1% Q.000086%

Crop #2 0.1% 0.000086%

Crop #1 1% 0.6000i8%

Crop #2 1% 000014%

Crop #1 5% 0.0069%

Crop #2 5% 0.010%

Crop #3 5% 0.0076%

% Na in Original
Sanple o r Liuid N

Crop #1 01,1% 0.0021%

Ct op #2 0 1% 0.0027% $

Ccop #I 1% 0,0036%

Crop #2 1% 0.0071%

- Crop #1 5% 0.0028%

op t; 5% 0.0056%

fl43p #3 5% 0,0092%

21
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if higher percentages of dopants were used the crystals were

smaller in size. An exception was NaClO3 where the single

crystals formed in solutions of higher NaClO 3 concentrations

were as large as the KCIO 3 crystals. Observations with a

polarizing microscope showed grcss surface defects which are

possibly due to etching by water during the washing process.

Aside from this, structural defects were observed in some cases

as judged from the birefringence pattern of the crystals under

the crossed polarizer and analyzer of the microscope.

BI X-Ray._Analsls of Some Doped Samples of KClO

Attempts were made to analyze doped samples by X-ray,

and investigate whether gross structural defects could be

detected. No significant differences were observed which,

in essence means that the different phases are too small

to be detected or that the dopants were incorporated sub-

stitutionally into the lattice. The exceptions are,

perhaps the LiNO3-doped sample which exhibit slightly

lower intensities of the major peaks at a diffraction angle

of about 20.9 and 21.80, the lead nitrate-doped sample which

shows additional lines and CdCl 2-doped samples which also

show an additional peak.

C. The Thermal Decomosition of KCIO- at Low Temperatures

The low temperature isothermal decomposition studies of

3
pure KCIO 3 which were initiated during a previous program

were continued in order to obtain further insight into the

disproportionation kinetics as the first stage of decomposition.
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To this end, samples of undoped KC103 were isothermally de-

composed at about 480"C. This reaction took place over several

days. The final weight loss was approximately 33% Of the ,verallI

weight loss at higher temperatures, The residue was analyzed

as described i. the experimental section. The results are

summarLzed in Table 1. It may be seen that the mole percents

of KCI and KCIO4 are approximately equal which is of signi-ficance

for the proper interpretation of the overall decomposition reac-

t ion

D .. The Decompos Lon of Potassium Chlorate in the Presence
of Potassium Perchlorate

Mixtures of potassium chlorite and potassium perchlorate

were prepared in the mole ratios, KC1.04:KC103 = 1:1 and 1:5.

The purpose of these experiments was to investigate the possible

catalytic influence of KC104 on the thermal decomposition of
5

KCIO3 Some authors deduced from isothermal experiments that

KC010 catalyzes the isothermal decomposition of KC103. Un-

fortunately, their experiments were conducted with bare

chromel-alumel thermocouples imbedded in the samples. Their

experimental findings, therefore, must be considered unreli-

able since chromel-alumel thermocouples catalyze the thermal

6dezomposition of both, potassium perchlorate and potassium
3

chlorate.

Figure I. show.; the combined DTA/TGA curves of pure potassium

chloiate pure potassium perchlorate, and mixtures of potassium

,hloratc and potassium perchiorate in the mole ratios mentioned

23



above. The total weights of the mixtures were adjusted in

such a way that the overall weight loss was approximately the

same for all samples. This permitted more direct comparisons

between the weight loss curves.

The thermal stability of the mixtdre having a mole ratio

of KClO4 :KC1O3 = 1:5 does not appear to differ appreciably from

that of pure KCIO 3 as indicated from the weight loss curves.

The DTA curves for the mixture show a small endotherm at about

3000C due to the phase 'transition of the perchlorate. An in-

crease in the relativeamount of KC104 (RatiO i:1) increases

the magnitude of the transition endotherm and decreases

the relative magnitude for the melting endotherm of KClO 3 at

about 3650 C, This double endotherm could be due to the forma-

tion of a eutectic between some reaction products and residual

KC10 3 0 The higher the amount of KC1O 4 an the mixture, the

greater is the shift in the decomposition curves to higher

temperatures. In addition, a sharp endotherm occurs at about

610 0 C where KC]O4 melts before it undergoes further decomposi-

tion.

E. The Influence of The Final Decomposition Product,_K.Cl .Ion the "Therma'L-Decomp~sition o f KCl 03

As in case of KCIO4, it is of importance to establish

th role played by potassium chloride on the decomposition

of KCIO3, sin,-e Lt is the final decomposition product.

3
It was observed during our previous program that at

sufficiently low temperatures chloride appeared to inhibit

dec,,mposition, but at higher temperatures it appeared to

24
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4 6rceerate the reaction. Isothermal experinehts were also

carried out at temperatures below 5000C.- It was found

that at these low temperatures the d'ecomposition. mechanism

of KC1O 3 essentially involves c6mplete disproportionation to KCl,

KCl0 4 and 020 th additin., chloride was added to the KC1O3

in varying- amounts so that the initial mixtures in the molten

phase will: vaty i6 KCIO 3 concentration. This is important

because it was al'ready demonstrated' that chloride ion -at

sufficiently high concentrations as produced during the de-

composition of 'KClO3" can affect the rate of decomposition.

Figure 2' shows typical isothermal curves for the de-

composition of undoped KCIO 3 in varying concentrations with

potassium chloride diluent. It is clearly seen that at suf-

ficiently high concentrations of chloride the -rate of decom-

position is appreciably reduced in mixtures with chloride.

F. Effects of Doi.n_ on Chemical Reactivity

Thermogravimetric analysis and combination differential

thermal analysi6-thermogravimetric analysis experiments were

performed on doped, and undoped potassium chlorate. The com-

3hined JTA/TGA apparatus was described previously. The heating

rate was nominaliy 1.0 C per minute. Figure 3 shows comparisons

of the thermal deconipos.tion characteristics of pure KCIO3 with

those of the doped materials. The results indicate that chloride

salts did not appreciably influence its thermal decomposition

characteristics. The chloride dopants included LiCl, KCl, and

CsCl.
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The data based on the experiments are tabulated in

Table 4 and reveal several interesting points.

i. The average temperatures of the endothermal minimum

at the melting point of KClO 3 are only slightly decreased upon

addition of chloride. The decreases in temperature is much

more pronounced upon addition of the nitrate impurities.

2, Doping with the nitrates has the effect of de-

creasing the average decomposition temperatures from 250 to

50, below the temperatures of decomposition of the pure and

chloride doped chlorates .

3. The most effective dopants are Feel 3 and CuCl2,'

In particular, doping with FeCl3 causes appreciable thermal

decomposition of KClO 3 to occur below the temperature of the

melting endotherm as is seen in Figure 3.

In Figure 4 the effect of cation doping on the thermal

characteristics of doped single crystals is demonstrated. It

as seen that dopants such as Na+ and Ba++ have, if at all,

only I tLtle influence on the thermal decomposition charac-

teristics of KC10 3,. Even crystals which were crystallized fran

solutions containing 10% N,". (which coincides with the curve

obtained from 1% Na+), and 10% Ba++ do not differ appreciably

in their thermal. behavior from the undoped material. In case
r(i Na tohis is not unexpected, since Na+ is in the same group

of tbe, periodi" system as K+  The decomposition behavior of

10% Ca++ doped KCIO 3 is significantly different from the behavior

of pure <CIO 3  The most pronounced differences in thermal
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Table 4

SUMMARY OF THERMAL ANALYSIS RESULTS

Charge
Average De- Average De- Density of

Average Peak composition composition Cationic
Endothermal Temperature Temperature Dopant°

Dopant Temperature at 25% wt Loss at 50% wt loss Electrons/A-

LiCl 363 + 2.6 588.7 + 8.1 607.3 + 2.6 0.69

KIW 360 + 0.0 581.5 + 2.1 606.5 + 0.7 0.179

CsCl 367.7 + 2.5 601.7 + 7.6 618 + 5.3 0.114

CUC 2  353.3 + 1.5 398.3 + 2.9 485 + 5.-0 1,240

CdCl2  360.7 + 9.3 562.3 + 6.8 586 + 7.9 0.678

CaCl 2  355.3 + 19.6 554.3 + 14.3 568.3 + 12.8 0.650

FeCI3  357.5 + 3.5 354 + 1.4' 375 + 0.0 2.42

Pb(NO3 )2  342.5 + 0.7 441.5 + 0.7 543.5 + 9.2 0.442(1.800)*

Li(NO 3 ) 349 + 15.5 549 + 8.5 585 + 7.1 0.69

NONE 368 + 4.2 606.5 + 2.1 620 + 2.8 0.0

Second number refers to four-valent lead
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characteristics are found, if the solutions were doped with .1,

1) and 10% Cu++. The single crystals obtained from 10% solutions

were most reactive, Slow decomposition begLns much below the

melting point of KCIO 3 and the melting point is shifted towards

lower temperatures At least two steps are seen in the weight

loss curves of Cu++ doped KCIO 3. Initial weight loss of the

sample doped with 0.1 Cu++ occurs below 3000C.

G.- The Effect of Gamma-Irradiation and Mechanical Shock on
the Thermal Decomposition of KClO3

Experiments were initiated to elucidate possible effects

of irradiation and mechanical shock on the thermal decomposi-

tion of potassium chlorate. The results are very interesting.

It was observed that the data appeared to be poorly reproducible,

if time and atmo.,pherlc conditions during storage were not kept

under very careful control. If the irradiated samples were taken

directly from the hot cell, a chlorine odor was discernible, and

the samples were of tannish color. If the samples were dried at

about 110,"C, the color faded and the smell disappeared.

A DTA/TGA experiment on a sample placed on the thermobalance

immediately after it was taken from the hot cell, showed exothermal

and endothermal decomposition steps at low temperatures. Partial

weLght loss is observed at ambient temperatures (Figure 5).

This low temperature weight loss is approximately 18 5% of the

total weight The total weight loss after complete decomposition

is approximately 60%.
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If the sample is dried in a desiccator or if it is stored

for a longer period of time, the low temperature weight loss

is no longer observable. A sample dried in an oven at 110C

looses its tannish color and again, low temperature weight

loss is no longer apparent. The melting endotherm of irradiated

KClO 3 shows two pronounced shoulders, while the higher tem-

perature exotherns appear similar to those of unirradiated

material, One sample of KClO3 which had been subjected to

mechanical shock showed a similar but smaller weight loss

at low temperatures as the irradiated material directly after

irradiation ,. (Figure 5),

H, Electrical Conductivity Studies and Mass Spectrometric

A nal~sis of Potassium Chlorate

Preliminary electrical conductivity experiments were

started to test the conductivity cell which was set up in

conjunction with a Bendix Time-of-Flight mass spectrometer.

This has the advantage of combining the electrical conductivity

setup with a sensitive analytical tool to determine the gaseous

reaction products, KClO3 was pressed at 20,000 psi to form a

cylindrical pellet. The opposite surfaces were ground parallel

to provide for smooth contact with the platinum electrodes of

the conductivity cell.

Figure 6 shows electrical conductance curves of undoped

KC1O In air at atmospheric pressure and in vacuum at less

than 10 mm Hg, The sample was heated at a constant rate of

about 10' C/mmn. The logarithm of the electrical conductance
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is plotted as a function of the temperature. This data is

taken directly from the recorded curves. It is seen that

the conductance ts similar at temperatures above 1503C for

the sample in air and in vacuum. At lower temperatures,

however, the sample in air increases in conductivity with

decreasing temperatures, This is not true under vacuum where

-the conductivity continues to decrease as the temperature

is reduced,

In Figure 7 the conductivity is plotted as a function

of inverse absolute temperature. The activation energy

obtained from the straight portions of these curves is about

32 kcal/mole.

Conductivity runs were also performed in various gas

and vapor atmospheres. The results are summarized in Figure 8.

It can be seen that water vapor significantly increases the

electrical conductivity at low temperatures which explains the

fact that pre]iminary runs (Figure 6) in undried air were found

to be non-reproducible at low temperatures. The electrical con-

ductivity in dry oxygen, argon and in air does not appear to be

significantly different from the conductivity in vacuum. It

was, however, observed that the steady state pressure in the

-5
system increases from a value of 10 at room temperature to

10-3 mm Hg at temperatures above 300-C in vacuum. Preliminary

attempts -)f simultaneous mass spectrometric analysis failed,

because of a iarge background problem.
4



Figure 7

ACTIVATION ENERGY OF THE CHARGE TRANSFER

IN A POTASSIUM CHLORATE PELLET "
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Figure 8
INFLUENCE OF WATER VAPOR ON THE ELECTiICA1 CONDUCTIVITY OF

POTASS3 UM CHLORATE
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Thermal Analsis of the Combustion of Doped KCIO 3 in
Mixtures with Sulfur

Preliminary DTA/TGA runs were carried out with various

mixtures of sulfur and doped potassium chlorates. The potassium

chlorate samples were obtained from evaporation of 1% dopant in

KClO 3 solutions. This was done to investigate the influence

of doDed KC1 3 on the combustion of sulfur.

Table 5 summarizes the results in terms of ignition tem-

perature. The average values of the ignition temperatures and

corresponding error limiLs (standard deviations from these

values) are compiled in Table 6. The ignition temperature is

lowest with KC1 3 doped with 1% CuCl2 . It is reduced by more
3 2

than 200C as compared to the ignition temperature of the undoped

7 ++
chlorate. McLain also showed similar results for Cu doped

mixtures. The effect of the dopants on the ignition temperature

is CuClI- KC! vUndoped - CsCl ,-Pb(NO3) 2 < FeCl 3 CdCl2 LiClI\

L110 3' CaCl 2. It is interesting to note that FeCl 3 is much

less active as far as the ignition temperature is concerned than

CuC 2 . It should, however, be pointed out that the average weight

loss is much higher with FeCl 3 than with all the other dopants.

The stoichiometric weight loss according to the equation:

21ClO3 + 3S = 2KCI + 3SO2

is approximately 37.6%. The actual weight losses are much higher.

Therefore, the observed weight losses are significant only

in that they showed a more vigorous reaction is taking place in

the FeCI 3 doped reaction.
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Table 5

THE C014BUSTION op SUL~pUR WITH DOPED
SAMPLES OF POTASSIUM4 CHLORATF

I-M~kX__D~gntIgnition Te ~raturga I or%

Undoped 
142Undopd 14

Undoped 
141

Fed13  142

FeClI, 
145

Cudl2  12

CeCi 
138

CSC1 
142

LiNO3  5
3i 150

Lidl 
151*1Pb(N03) 2 145

PN3) 2 137
Pb(N0 3) 2 140

PbN3)2  138
KC 1 137

KCi 1 
42

CdCl 1 143

CdC1 2  147

Ca 2 155
CCl 12 147
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Table 6

AVERAGE IGNITIONI TERPERATURES FOR THE REACTION (W
SULFUR WITH DOPED POTASSIUM CHLORATES

Average Ignition
Do~ntZMffature (OCL

Undoped 140 + 2.-2

7eC1 3  143.5 + 2.1

CUM 2  119 ± 1.4

CaCi 140 + 2.8

L±R03  152.5 + 3.5

Lidl 150.5 + 0.7

Pb (N0 3 ) 2  140 + 3.1

XC1 039.5 + 3.5

Od1 2  145 + 2.8

dad 2  151 + 5.7
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TGA runs were performed using a relatively fast x-y-

recorder to elucidate the rates of combustion in KClO3 -S

mixtures with and without additional KClO3 as diluents, the

results indicated that the rate of combustion even in dilute

mixtures is too fast to be determined by the x-y-recorder..

J. Cataliic Activity of Metal Oxides on the Ignition of
Potassium Chlorate-Sulfur Mixtures

The influence of metal oxide additives on the combus-

tion of mixtures of potassium chlorate and sulfur was probed

by differential thermal analysis. The oxides considered

were Fe2030 Cr2O3, and A1203. These oxides were selected

since the first two were found to.be excellent catalysts

while Al203 was relatively inactive, The concentration of

the oxides were varied from 5 to 50 mole percent. These runs

were generally performed in an argon atmosphere. A few ex-

periments were carried out in an oxygen atmosphere. In an

argon atmosphere the possibility of air oxidation is eliminated

thereby limiting the oxidation of sulfur to reaction with the

KCIO3 in the mixture. Carrying out the reaction in pure oxygen

emphasizes the role of air oxidation in the combustion reac-

tion. Table 7 shows the results. It can be seen that the

ignition temperature differs significantly depending on the

mole ratio of metai oxide to potassium chlorate and is also

dependent on the gaseous environment. In Figure 9 the peak

temperatures of the ignition exotherms are plotted as a

function of mole ratio of the metal oxide to potassium chlorate.

I
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Table 7

COt4BUSTICK OF SULFUR-POTASSIUM CHLORATS IN
MIXTUJRES WIH OXIDE CATALYSTS

Relative
Mole Ignition Peak

Catalyst Atmosher Ratio Tevrtr Height eak

Fe?03  Ar 1:10 157 3.25

Fe0Ar 1:10 158 2.20

Fe 2O03  Ar 3:10 164 >2.9 off chart

Fe 03  Ar 3:10 162 1.6

Fe20 Ar 1:20 186 2.0

203 Ar11162.

re 03  Ar 1:10 170 3.6

Fe2O Ar 1:10 1730.

A12,0 3  Ar 1:10 170 2.8

Cr2 O0 02 1:10 173

Fe 2O03  0 2 1:10 154 >3 off chart

Heating Rate: 1OOC/min

Amount KC103: 200 mg

Amount Sulfur: 75 mg ( except 2S =150 mg)

Gas Flow: 300 mi/min
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Table 7

COMBUSTICN OF SULFUR-POTASSIUM CHLORATE IN
MIXTURES WITH OXIDE CATALYSTS

Relative
Mole Ignition Peak

Catalyst Atmosphere Ratio Temperature Height Remarks

FeO 3  Ar 1:10 157 3.25

Fe 203  Ar 1:10 158 2.20

Fe 0 Ar 3:10 164 >2.9 off chart

Fe2O3  Ar 3:10 162 1.6

Fe2 03  Ar 1:20 186 2.0

Fe2 03  Ar 1:20 190 0.2 3 2S
Fe203  Ar 1:20 191 0.7

Al203  Ar 1:10 163 2.8

Al 203  Ar 1:10 170 3.6

Cr203  Ar 1:10 173

Cr ? 3  Ar 1:10 170 0.7

Cr 0 0 1:10 157

2 3 2

Fe203  02 1:10 154 >3 off chart

Heating Rate: 10C/min

Amount KC10 3: 200 mg

Amount Sulfur: 75 mg ( except 2S = 150 mg)

Gas Flow: 300 ml/min

17



It should be pointed out that there was a rather wide spreac

of experimental points, and therefore, only general trends

can be discussed. Additional experiments would possibly

result in data with improved precision. Because of the

limited effort most of the work was confined by Fe203. If

one considers the general trend of the results with the Fe203

additive, as the concentration is increased from zero

to 5 mole % oxide the principle effect is an increase in the

ignition temperature As additional Fe203 oxide is added and

the optimum ratio for cata]ytic. activity is approached there is

a minimom in the ignition temperature curve which represents

the maximum lowering of the 3gnitidn temperature. This occurs

at the mole ratio of oxide to KCIO 3 of 1/10, There is again an

increase in ignition temperature at higher concentrations of

oxide,. It appears, however, that Al203 and Cr203 are signifi-

cantly less active than ferric oxide at the 1/10 mole ratio.

On the o°ther hand, it may be noted that in oxygen the ignition

temperature of the mixture containing Cr203 was appreciably re-

duced; and was comparable to the Fe 20 3 containing compositions.

There was al5-c) d 1ight decrea~se in the ignition temperature

tf the m]xture containing Fe 2 0. in the presence of oxygen. At

the mole ratio of V/l0 cxide in KC]O 3 it is seen that an increase

In (,,('ent rat ion of sullf[Lr from stoichiometric to double the

.3to ri-onetric, airount results in a lower ignition temperature

In -,Lummary the most siqnificant findings appear to be those for

the ',ripo. t ions -ontaii:ng the Fe20 catalyst where a minimum

in the iprit iln tomperdttite c urve occurs at the mole ratio of

,x de to KC1O ot 1/10
49



IV. DISCUSSION

A. Mechanism of the Decomposition of Potassium Chlorate

It was tentatively concluded at the termination of our

previous investigation3 that the initial disproportionation

step during decomposition of KC103 involves apparently a

direct oxygen transfer between two ClO3 anions.

0 oo o

This was born out by the observations that the ex-

trapolated initial weight loss was found to be approximately

33% of the total weight loss (See Figure 35 of Ref. 3) and

that the relative amounts in the residues are approximately

50 mole % KCIO 4 and 50 mole % KC1 at the inflection point of

the weight loss curve of KCI03' In order to obtain further

evidence, isotherms were performed at low temperatures, where

decomposition of KC10 4 is negligible, and the order of reaction

evaluated, In Figure 10, isothermal data at 4800C are plotted

in first and second order plots) and in Figure 11 log dw/dt is

plotted versus log Wr The first figure indicates that the

second order plot is approximately descriptive of the mechanism,

while the slope (as a measure of the order) of the second graph

is evaluated to be about 2.3, Additional evidence for the dis-

proportionation reaction is found in Table 3 which indicates that

the low temperature reaction yields approximately the same moles

of KCI and KC10 4.

4'
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Figure 10

FIRST AND SECOND ORDER PLOT OF KC10
DECOMPOSITION AT LOW TE-PERATURE (480C)
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Th ypothetical 1O ion is veyus~ble atthe te6m-

perature. of rC-acUtion and decomposes§ sptaew1 to_ CI a

Thfi is onslstenht wi th the finding -th 6t K C1lo- deizom~poes, uon
heatng bove 160" a Thabove pos'tulated, mechansm isalso

1'n agreement with 'the observation. that there is no, 4appr abe 0

!(h.ange inb the6rmtal Adomhpsition char-ateris6ticsInh- an -oxvoen [
<a teo t t i a 'e;7. (See

atMo phere, compare t that n n Iiert Atmosphe (e

iue10 in Ref 3).

The, inrfluence of XCt a's, a. reaction, product on- the decqm

psto ofKI 3 was found. to va ry yith- concetraton. TGA

a rid, DTGCA 'experiments ind-icated- that at high., relatiave cohpentr'a-

4~n (mole -ratio 1:)the krl apipears to retard -the, reaction a

lower temperatuves, (Se6. Figure 19-o Ref.,3). Isothermal runs-

(F-Igijre 2-) at 486-t conf--red t'his.

,At high, tempjeratures -and initermediciiae mole. ratios of

0~/CO the 1<CI appears to accelerate, the decompositryon ot

-KCO~ :(-Sec- Fiqur-e- 42 ,of Ref, 11). OnLe has-t& d&lude thqt.

t,-wo oppm.rw mechamvi sNq govern the influence of KCl on the,

d'eromo:;itiob% uf XCWO3  At low ftemperatures-ar~d/rhg con-

,'c.-trat ions of 'KCI, the KCI acts as a,,diluent,, nd the reac ti on

icp~tiI~ ~Rprf.sPEd. At high temperatures anid intermedi.at~e

*(nreht rat-i ois, the, kCj .,ddi~zve acts cis a. catalyst,.,

Tht-~v 'ataI]ytic actdo--n of ]KC1 ,is -born out 'by the observation5  P

tbat KG!l of d&ifferent histofles- influences. thbe d'ecomrpoiutiop of

KC) 03 cli-f F6erent y, it was foundc -that reagent grade, KCIl hait a.



difretapparent catalytic effect on KC1O3 decdrmoosition. than-

Cl obaied ori-giially fro mtotal decomposItioh- of pure KC103

the. mrrxittum alp xrnt caitalytic' ef fect is appximatel-y- at a-

'MiO1e- ratio of -KCl-.:KdlO of 1:33- to 1:,2. This- mtight bossibly
r0 0

be, an iidication that KCl could activate, a, bimoleOcularf l-C1

* anioni to, decompose more readily than in case of the ,putied~m

potion ft is, quite- possible that polarization cente~rs are

form ed by,- the additive which di'stort the electron distribution

in the ~abve 6 Aion.

It should be ,of theore6tical Interest,, to -compare qqu ntumt

mechainically theGb ions twith 1 4 adCO ad h be

hypothetical bimolecular transition, state. A priori calcula-

*- -tions of the energy di-fferences could yield- an activatibn- energy

comparable- tc, the actual value. The intermediately-formed,

xCIO6 domposes -f urther via- two- apparent paths (S~e Figure

KdlQ4 -7>KC10 3 -+ 1/2 02

:Kc103 -OKC] + 3/202

Secpnd,

KC1Q04-KCI + 2,

The intermediately reformed (KCIO) is rather unstable at these

higher temperatures and decomposes almost instantaneously to

KC] + 02 0

Some authors claimb that KC-0 4 also catalyzes the decoi-

- position. of KC10 3 ' to verify this, TGA and -DTA runs were performed
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on various mixtures of KCIO 3 with KCIO4. The weights were

approximately adjusted in such a way that the total weight lossIt

was approximately the same in all cases. It is seen from Figure 1

that in no case is an acceleratory effect on the decomposition

of KCIO 3 observed. This and the catalytic action of dopants

described below leads us to believe that the above mentioned

authors had worked with impure materials which could possibly

have acceleratory effects on the decomposition of KClO3.

B., Decomposition of DopdjIradiation, and Mechanically
Shocked KCIO3

The decomposition of potassium chlorate is significantly

altered by small amounts of impurities. Figures 3 and 4 and

Table 4 show that) in particular, cations of transition elements

such as Fe and Cu++ can lower the decomposition temperatures

by more than 200 C. In fact both, Cu++ and Fe+++ doped, samples

initiated decomposition in the solid phase before the 
meltingt

endotherm occurs. In Figure 12, the average decomposition

temperatures at 50% reaction are plotted as a function of

the charge density. The charge density is obtained by dividing

the cationic charge by the surface area of an assumed spherical

model of the impurity cations based on the published ionic 
radii.9

It appears that the decomposition temperature is decreased with

in'rea. ing charge density of the dopant cation. This may indi-

r'ate that the polarizing power of the doping cation on the

asyimetric electron distribution of the CGO 3 anion is an im-

pcttant f.itor in the reactivity of the doped potassium chlorate.
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Figure 12

REACTIVITY OF DOPED KCLO
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It should be kept in mind that the KCIO 3 was in the molten state

during this stage of these reactions. Doping with CuCd2 caused

appreciable increases in the chemical reactivity of KC1O3 , In

addition,,it is also apparent that the first step of decomposi-

tion due to disproportionation is significantly more pronounced

in the presence of these dopant cations.

In Figure 12 the reactivity of the lead dopant is plotted

twice. In one case a doubly charged Pb+ ion was assumed and

pb+4
in the other case a valence +4 was assumed, Pb ion. The

+2point for the double valent Pb ion dopant lies left of the

line, while that of the +4 valent Pb+4 dopant lies tO the right

of the line. One interpretatioi may be that the lower valent

lead dopant is partially oxidized to a higher valence state

by the strong oxidant host compound.

The apparent catalytic effects may be considered from

another point of view. This concept is based on the finding

that the ac'tvation energy for thermal decomposition is about

50-55 kcal/mole. Based on this one would expect that if the

rate controlling step in the thermal decomposition of KC103

involveu the rupture of the Cl-O bond in the C1O 3 ion, then

the marked effects of the Fe+ 3 and Cu+ 2 ions could not be

accounted for, However if the impurity cations could act

c.i." bridges in an electron transfer rate controlling mechanism

then the marked redtuctions in decomposition temperatures may be

reasonably expected. The reaction involves the formation of an

intermediate Fe+ 2 ion with a CIO3 radical. The radical would
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,- -- - - - - -

" -_ ~ . ~ N- -

" -o more reactive than the Cl

€101- + Pe + 3  Fe + 2 + Cl03
C 0o + C103 - c -2o

-C120 - , 2 cl + 3 0.
*C + -e+2 -C-+Fe+3

A similar mechanism would apply to Cu+  ion dopant. This

mechanism can apply to the molten state or solidstate decom-

ositin. The activationenergy for the interaction of 2

.6khlorate species would be reduced because of the formation of
the intermediate chiorate radical. Inthe case of solid state

decomp6sition, however', another factor such as defect state

also become s important whAich determines -the concentration and

. - mbilit-y-of charge carriers during charge-transfer. The addi-

tion of higher valent catons may cause a reduction of positive

holes or an increase of electrons in the conduction band.. An-

other possibilty is that the concentration of cationic vacancies

would increase,,

An estimate of order of activation energies of the doped

potassium chlorates were made from the thermogravmetric curves

obtained in the Chevenard DTA/TGA experiments A method is

described cn the literature, where the inflectior point in the

TGA curve is determined. 1 The final equation is as follows:

E*=_(RT I 2/Wi) (dw/dt) i
whep e E* is the actvation energyf T the temperature at the

nflert.eon point wI the weight loss at the inflection point;
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n is the order. It should be noted that using this expressicn

we are comparing-E*/n, rather than an activation energy alone. This

however, does give information concerning the relative activa-

tion energies for comparison purposes.

Table 8 summarizes some of the values of E*/n. It can

be seen that there is wide scatter which is due to the quai -

tative nature of the C*venard TGA runs. In particular, (dw/dt)i

is rather difficult to determine.

From Table 8 we can, nevertheless, see certain trends

in the activation energies:.

The order of activation energies is in the order -f

dopants: None) 7CsC1rCaC 2l LiCl;?Pb (NO) 2; CdCl 2 .

The activation energy trends for the-Cu and Fe + doped

samples were not evaluated, since the transition from solid

state to molten state decomposition complicates the TGA-curves.

It is seen from the above equation that an order of two for the

disproportionation mechanism, if applied to the doped chlorates

would indeed double the apparent activation energies.

Irradiation with gamma rays seems to introduce a change

in reactivity with respect to decomposition. The odor of

chlorine and/or chlorine oxides indicates that irradiation

creates radicals such as C10 3 which decompose at much lower tem-

perature than the C10 3 anion. The radical formation does not
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Table 8

APPAREUT ACTIVATION ENERGIES OF DOPED KClO

E*/n Average
DoatKcal/mole Kcal/mole

None 5.
None 62.3
None 52.-3
None -52.5 56.714one 50.None 50.4

~d.Cad 2  50.7
CaCl 2  51.9 52.5
Cad 2- 54,8

CsCl 46.4
Cscl 61.2 52.2
"Csd1 49.1

LiCI 40.4
Lidl 32.8 4.
LiCI 52.5 4.

Pb(NO3 - 21.3
PS(No3)2  24.5 22.

-Cddl 2  20.8'I - CdC12  17.1-1.
Cddl 2  15.1 1.
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appear to be stoichiometric in view of the observation that

sufficient KC1O3 is still left to create a large endothlici at

around 3600C. This endotherm, however, shows shoulders in-

dicating eutectics formed by the residual KCIO3 and some

reaction product.

The nonstoichiometric nature of the low temperature

release of gaseous products is also born out by the fact that

one sample which underwent mechanical shock shows much less

weight loss even though the DTA peak is approximately at the

same temperature indicating a similar reaction.

The observation that the samples dried at room temperature

in a desiccator, do riot show the initial weight loss suggests

that the reaction products are either very unstable and of low

boiling point, or they are loosely sorbed within the irradiated

defect crystalline structure and diffuse slowly to the surface,

where they desorb under the force of concentration gradient

set up by the drying agent in a desiccator.

C. . The Reaction Between Potassium Chlorate and Sulfur0
Ar2on and Water

Preliminary DTA/TGA experiments were carn ed out with

various mixtures of sulfur and doped potassium chlorates. The

p,,t assium chlorate samples were obtained from evaporation of

1% d,,pant in KCIO 3 solutions. This was done to investigate

the influence that doped KC10 3 has on the combustion of stilfur,

Table 5 summarizes the results in terms of combus-

tion temperature. The average values of the combustion

temperatures and the corresponding error limits (standard
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,deviations from these values) are comipled in Table 6.
The combustion temperature is lowest with KC1O doped with 1%

3
CuM 2. The ignition temperature is reduced by more than 200C

as compared to the ignition temperature of the undoped chlorate.

The effect of the dopants on the ignition temperature is CuCl24!C.

KCls- UndopeddCsClt-Pb (NO3 ) 2_FeCl 3 CdCl LiCl e-LiNO3 ICaCl
32 3C 2 e 3i 2

7t is interesting to note that FeCl3 is much less active as far

-as the combustion temperature is concerned than CuC 2 . It should,

however, be pointed out that the average weight loss is much

higher with FeCl3 than with all the other dopants. The

stoichiometric weight loss according to the equation:

2KC10 3 + 3S = 2KC1O + 3SO2

is approximately 37°6%. The actual weight losses are ruch higher.

This is a consequence of the vigorous reaction which forces

material out of the crucible. The fact that the average weight

loss in case of FeCl3 as the dopant is much higher than with all

other dopants indicates a much faster reaction rate. Unfortunately,

the TGA curves show almost instantaneous weight losses so that

differences between reaction rates cannot be distinguished. To

overcome this difficulty, several trial experiments were run with

faster recorder speeds. Even with a recorder speed of 1 sec/inch

under dilute conditions, where additional KC1O 3 acted as a diluent,

we were not able to detect significant differences in combustion

rates between doped and undoped KC1O 3 mixtures. This indicates

that the rates are too fast and that the recorder is the limiting

f actor,
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It had been observed that mixtures of sulfur with Fe...

++and Cu doped KC1O 3 slowly released accumulated SO2 gas

which has a distinct odor.

Mass spectrometric analysis of a mixture of KCIO 3-S

heated in vacuum above 70C showed a peak at mass 64 indicating

the probable presence of SO2 and/or S2.

Preliminary conductivity measurements on a potassium chlorate

pellet in air showed relatively high conductivity at low tem-

peratures which were no longer present in vacuum (Figure 6). It

was speculated that moisture in the air was the reason for this

behavior.. This was verified by experiments in dry atmospheres

of air, argon and oxygen and the pellet did not exhibit the

high conductivities at low temperatures. Rather, the curves

appear to be similar as that in vacuum (Figure 8), and the activa-

tion energy calculated for the high temperature charge transfer

was about 32 kcal/mole (Figure 7).

If the experiment was run, however, in water vapor, (Figure 8),

the low temperature conductance was again observed. This might

indicate that H20 molecules adsorbed on the pellet surface con-

tribute considerably to ionic surface conductivity of perhaps

solvated surface ions,, This conductance disappeared as soon as

the water was removed in vacuum,

Conductivity experiments in dry sulfur vapor did not

yield conclusive results,

The influence of metal oxide additives on the combustion of

mixtures of potassium chlorate and sulfur was probed by differential

63



thermal analysis. The oxides considered were Fe2030 Cr203 and

A1203 ' These oxides were selected since the first two were

found to be excellent catalysts while Al203 was relatively in-

active. The concentration of the oxides were varied from 5 to

30 mole percent, These runs were generally performed in an

argon atmosphere. A few experiments were carried out in an oxygen

atmosphere. In an argon atmosphere the possibility of air oxida-

tion is eliminated limiting the oxidation of sulfur to reaction

with the KC103 in the mixture. Carrying out the reaction in pure

oxygen emphasizes the role of air oxidation ir, the combustion

reaction. Table 7 shows the results. It can be seen that the

apparent ignition temperature differs significantly depending on

the mole ratio of the metal. oxide to potassium chlorate. It

should be pointed out that there was a rather wide spread of

experimental points, and, therefore) only general trends can

be discussed. Additional experiments would undoubtedly result

in data with improved precision. Because of the limited effort

most of the work was confined to Fe203. If one considers the

general trend of the results with the Fe203 additive, it

appears that with increasing oxide content, to 5 mole % oxide,

the principle effect is an increase in the ignition tempera-

ture. This would occur if the relative amount of oxide, or

active oxide surface was less than optimum. As additional

Fe203 oxide is added and the optimum ratio of catalytic ac-

tivity is approached there is a minimum in the ignition tem-

perature curve which represents the maximum lowering of the
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ignition temperature. This occurs at the mole rati of

oxide to KClO 3 of 1/10, As the optimun. amount of catalyst

is exceeded, the additional oxide probably acts as a diluent,

as evidenced by the increase in ignition temperature. Since

only one mole ratio wals considured in the cases of aluminum

oxide and Cr203 additives, little interpretation can be

given to these results. It appears, however, that these

oxides are significantly less active than ferric oxide at

the 1/10 mole ratio. On the other hand it may be noted that

in oxygen the ignition temperature of the mixture containing

Cr 2 03 was appreciably reduced, and- was comparable to the

Fe 2 0 3 containing compositions. There was also a slight

decrease in the ignition temperature of the mixture con-

tainng Fe203 in the presence of oxygen. Possibly Cr203

and Fe203 can act as catalysts for the reaction between

sulfur arid oxygen, At the mole ratio of 3/10 oxide of

KClO 3 it is seen that, with an increase in concentration of

sulfur from stoichiometric to double the stoichiometric

amount, the ignition temperature was reduced. In summary, the

most significant ftndings appear to be those for the compo-

sitions containing the Fe203 catalyst where a minimum in the

ignition temperature curve occurs at the mole ratio of

oxide to KClO3 of 1/10. Further experiments, however, will

be required before definite conclusions can be reached.
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V. CONCLUSIONS

1. The results indicate that the decomposition of potassium

chlorate occurs in the following steps:

slow2 KC1O 3 -o KC1O 4 + (KC102) unstable (2nd order)
(KClO 2) instantaneously) KCI + 02

KClO4  - > KC1O 3 + 1/2 02

KCIO 3  - KCl + 3/2 02

KC104 -KCI + 2 0

The first disproportionation reaction is consistent with a second

order mechanism and is inhibited at low temperatures by excessive

amounts of KC1. At high temperatures, KCl catalyzes the reaction.

KCIO 4 does not catalyze decomposition of KCIO 3. At higher

concentrations, the decomposition of KC103 is inhibited in the

presence of KClO4.

2. The order of dopants with respect to decreasing the

decomposition temperatures of doped KC103 was found to be: the
most effective, FeCl Cul 2 >Pb(NO3 ) 2 >CdCl 2 > CaCl 2 >LiNO3 >

LiClKCI,-CsCI-No Dopant. This order can be correlated to

charge density or to charge transfer. Doping KC103 with nitrates

reduces the temperature of the DTA endotherm for melting.

3. Gamma irradiation and mechanical shock influences

the decomposition path of KC103. Low temperature weight loss

and smell of chlorine and/or chlorine oxides point to defect

creation of possible radicals such as C1O 3 within the crystalline

lattice due to irradiation. An exotherm appears at about

750C in the DTA curve for the mechanically shocked sample

which does not appear in the untreated sample.

66



4. Doping of KCIO 3 significantly influences the ignition

of mixtures of KC10 3 and sulfur. Two effects are apparent:

The order of ignition temperatures with reference to the

dopants is: lowest for CuCl 2 <KCIA/,undoped/-CsCl.Pb(NO3 ) 2

2FeCl3 4 CdCI21 LiCI ,.LiNO, /-CaCI,.

The extent of total weight loss as measured in the TGA

experiment is dependent on the rate of combustion since the

rapid ignition forces material out of the reaction vessel.

This is particularly true for the FeC 3 doped samples. Fe

and Cu++ doped KC103 appears to react slowly at room tempera-

tures with sulfur.

5. The reactivity of sulfur-KC1O3 mixtures is especially

affected by the presence of Fe203 catalyst.

In oxygen the ignition temperature of the sulfur-potassium

chlorate mixture is significantly lowered in the presence of

the Cr203 and Fe203 catalysts.
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